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Section 11. (REMARKS) 

The pending claims are 19 and 20. Claim 21 has been cancelled herein, without prejudice, and with the 
reservation of the right to file said claims and related subject matter in continuing and/or divisional 
applications. 

No new matter has been added herein. 
Claim Objection 

In the January 14, 2009 Office Action, claim 20 was objected to for reciting subject matter that is not 
elected for prosecution on the merits. Applicants have amended claim 20 to remove non-elected subject 
matter thereby obviating this objection. 

Rejection of Claims and Transversal Thereof 

In the January 14, 2009 Office Action: 

claims 19-21 were rejected under 35 U.S. C. §112, second paragraph; and 
claims 19-21 were rejected under 35 U.S. C. §112, first paragraph. 

These rejections are respectfully traversed. The patentable distinctions of the pending claims over the 
cited references are set out in the ensuing discussion. 

Rejection under 35 U.S.C. §112, second paragraph 

In the January 14, 2009 Office Action, claiins 19-21 were rejected under 35 U.S.C. §112, second 
paragraph, as being indefinite for failing to point out and distinctly claim the subject matter which 
applicant regards as the invention. Applicants traverse such rejection. 

According to the Examiner, claim 19 is vague and indefinite in so far as it employs the term "DUSP6" as 
a limitation. Specifically, the Examiner indicated that one cannot determine the metes and bounds of 
DUSP6. Applicants vigorously disagree. 
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The test for definiteness under 35 U.S.C. §112, second paragraph, is whether "those skilled in the art 
would understand what is claimed when the claim is read in light of the specification." Orthokinetics, Inc. 
V. Safety Travel Chairs, Inc., 1 USPQ2d 1081, 1088 (Fed. Cir. 1986). 

As described in the instant specification in the Background of the Invention, DUSP6 is identified as 
GenBank Code NM 053883 (rat) and GenBank Code NM 001943 (human) (see, page 5, lines 10-20). As 
such, one skilled in the art would easily be able to identify the metes and bounds of claim 19 with regards 
to the DUSP6 protein. Accordingly, applicants request withdrawal of the rejection of claims 19-21 as 
being indefinite. 

Rejections under 35 U.S.C. §112, first paragraph 

1. In the January 14, 2009 Office Action, claims 19-21 were rejected under 35 U.S.C. §112, first 
paragraph, as failing to conply with the written description requirement. Specifically, the Examiner 
indicated that the specification fails to describe the entire genus of molecules encompassed by the term 
"DUSP6 protein antagonists." Applicants traverse such rejection. 

It is initially noted that claim 19 has been amended to recite: 

"A method for reducing the activity of the DUSP6 protein, the 
method comprising administering an effective amount of an agent 
that inhibits DUSP6 protein activity to reduce excitotoxic death of 
oligodendrocytes in an individual having multiple sclerosis." 

To satisfy the written description requirement, a patent specification must describe the claimed invention 
in sufficient detail that one skilled in the art can reasonably conclude that the inventor had possession of 
the claimed invention. See, e.g., Moba, B.V. v. Diamond Automation, Inc., 325 F.3d 1306, 1319, 66 
USPQ2d 1429, 1438 (Fed. Cir. 2003). In the present case, the inventors disclosed the discovery that the 
expression of the dusp6 gene increases after excitotoxic stimuli in a pure oligodendrocyte culture, and that 
the blocking of its expression rescues these cells fi-om death by apoptosis. As such, the dusp6 gene and 
the protein it encodes, DUSP6, were a useful target for the development of new methods, such as the 
treatment with drugs that inhibit the activity of the DUSP6 protein. 

Referring to the reference attached in Appendix A (Chem. & Biol., 10, 733-742 (2003)), it can be seen 
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that confounds were known in the art that inhibited the activity of the MPK-3 protein (see, the instant 
specification, page 5, line 1 1 which discusses that DUSP6 and MPK-3 are synonymous) at the time of 
fiUng. It is well established in the law that what is conventional or well known to one of ordinary skill in 
the art at the time of filing need not be disclosed in detail. See, Hybritech Inc. v. Monoclonal Antibodies, 
Inc., 231 USPQ 81, 94 (Fed. Cir. 1986). Accordingly, applicants adequately described the method of 
reducing the activity of the DUSP6 protein and one skilled in the art was able to readily identify DUSP6 
antagonists at the time the instant application was filed. 

Withdrawal of the rejection of claims 19-21 as lacking written description is respectfully requested. 

2. In the January 14, 2009 Office Action, claims 19-21 were rejected under 35 U.S.C. §112, first 
paragraph, as failing to comply with the enablement requirement. The Examiner objected to the breadth 
of the demyelinating diseases claimed as well as the conclusion that one cannot follow the guidance 
presented in the instant specification and practice the claimed method without first making a substantial 
inventive contribution. Applicants traverse such rejection. 

As introduced hereinabove, claim 19 has been amended to recite that the demyelinating disease is 
muhiple sclerosis. 

It is well established in the law that the test of enablement is whether one reasonably skilled in the art 
could make or use the invention from the disclosures in the patent coupled with information known in the 
art without undue experimentation. It has been consistently held that the first paragraph of 35 U.S.C. 
§112 does not require explaining every detail since the inventor is speaking to those skilled in the art. 
Further, applicants remind the Examiner that some experimentation may be required as long as it is not 
undue. In PPG Indus., Inc., v. Guardian Indus. Corp., 27 USPQ2d 1618, 1623 (Fed. Cir. 1996), the court 
stated that even where some experimentation is necessary to reduce an invention to practice, the 
enablement requirement is satisfied where: (1) the experimentation is routine; or (2) the specification 
provides "a reasonable amount of guidance with respect to the direction in which the experimentation 
should proceed to enable the determination of how to practice a desired embodiment of the claimed 
invention." As will be discussed below, applicants' specification meets these requirements. 

Referring to presently pending claim 19, the demyelinating disease has been recited therein (i.e., multiple 
sclerosis) and as such, it is known from appHcants' disclosure that DUSP6 activity is high in patients 
suffering from same. Further, applicants provided evidence that DUSP6 antagonists were known in the 
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art at the time of filing. Accordingly, applicants submit that the specification as well as the knowledge of 
one skilled in the art provides a reasonable amount of guidance with respect to the direction of 
experimentation necessary to practice a desired embodiment of the claimed invention and therefore, the 
claimed invention is adequately enabled by the instant specification. 

Withdrawal of the rejection of claims 19-21 as lacking enablement is respectfully requested. 

Petition for Extension of Time/Fees Payable 

Applicants hereby petition for a two (2) month extension of time, extending the deadline for responding 
to the January 14, 2009 Office Action from April 14, 2009 to June 15, 2009 (June 14, 2009 is a Sunday). 
The fee of $245.00 specified in 37 CFR §1. 17(a)(2) for such two (2) month extension is hereby enclosed. 

The total fee of $245.00 is being paid by Electronic Funds Transfer. Authorization is hereby given to 
charge any deficiency in applicable fees for this response to Deposit Account No. 13-4365 of Moore & 
Van Allen PLLC. 

Conclusion 

Based on the foregoing, claims 19 and 20 are in form and condition for allowance. If any additional 
issues remain, the Examiner is requested to contact the undersigned attorney at (919) 286-8000 to discuss 
same. 

Respectfully submitted, 
MOORE & VAN ALLEN PLLC 

I 

Date: June 15. 2009 By: 



Tristan Arme Fuierer 

Registration No. 52,926 
Moore & Van Allen PLLC 
430 Davis Drive, Suite 500 
Morrisville, NC 27560-6832 
Telephone: (919) 286-8000 
Facsimile: (919) 286-8199 
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Summary 

Phosphorylation of extracellular signal-regulated ki- 
nase (Erk) is tightly controlled by dual specificity phos- 
phatases (DSPases), but few inhibitors of Erk dephos- 
phorylation have been identified. Using a high-content, 
fluorescence-based cellular assay and the National 
Cancer Institute's 1990 agent Diversity Set, we identi- 
fied ten compounds (0.5%) that significantly increased 
phospho-Erk cytonuclear differences in intact cells. 
Three of the ten positive compounds inhibited the mi- 
togen-activated protein kinase phosphatase-3 (MKP- 
3/PYST-1) in vitro without affecting VHR or PTP1B 
phosphatases. The most potent inhibitor of IVIKP-3 had 
an ICso of <10 itM and inhibited MKP-3 in a novel, 
fluorescence-based multiparameter chemical com- 
plementation assay. These results suggest that the 
phospho-Erk nuclear accumulation assay may be a 
useful tool to discover DSPase inhibitors with biologi- 
cal activity. 

Introduction 

Dual-specificity phosphatases are intracellular enzymes 
that catalyze the removal of phosphate groups from 
threonine and tyrosine residues on the same protein 

substrate. Key enzymes that are tightly regulated by 
DSPases are the cyclin-dependent kinases, which are 
dephosphorylated by members of the Cdc25 family and 
control cell cycle progression, and mitogen-activated 
protein kinases (MAPK), which are dephosphorylated 
by MAPK phosphatases (MKPs) and have a pivotal role 
in mitogenic signal transduction, survival, stress re- 
sponse, and programmed cell death. The activation of 
MAPK pathways by upstream kinases and cell surface 
receptor-mediated events have been studied exten- 
sively. In contrast, the events that regulate termination 
of MAPK signaling are less well understood, although 
it is clear that MKPs play a major role [1]. There is also 
some evidence that activation of Erk, a member of the 
MAPK family, is regulated by the cell cycle phosphatase 
Cdc25A [2], possibly by affecting the tyrosine phosphor- 
ylation status and activity of Raf-1 [3]. A growing body 
of evidence suggests that prolonged activation of the 
Erk pathway can lead to cell cycle arrest [4] and cytotox- 

'Correspondence: lazo@pitt.edu 



icity in several cell types, including human hepatoma 
cells [5]. Thus, inhibitors of phosphatases that dephos- 
phorylate MAPK may exhibit growth inhibitory activity in 
cancer cells by perturbing the timing of Erk activation [2]. 

There is strong evidence for a role of DSPases in 
cancer. Members of the Cdc25 family were found over- 
expressed in a variety of human tumors (reviewed in 
[6]), and both Cdc25A and Cdc25B have oncogenic 
properties [7]. Evidence for an involvement of MKPs in 
oncogenesis comes from studies reporting overexpres- 
sion of MKP-1 (CL-100) in prostate [8], breast [9], and 
ovarian cancer, where its expression level was also cor- 
related with decreased progression-free survival [10], 
Cell-active, selective DSPase inhibitors would therefore 
not only be valuable tools to help dissect the complex 
regulatory processes involved in the attenuation of Erk 
activation, but might also find applications as novel tar- 
get-based antineoplastic therapies. While a few potent 
and selective Cdc25 inhibitors have been identified [1 1 , 
12], inhibitors of MKPs have not been reported to date. 

Current efforts directed at phosphatase drug discov- 
ery encompass different strategies such as rational drug 
design [13] or in vitro chemical library screening on a 
larger scale [1 2]. Cell functions are, however, comprised 
of many interconnecting signaling and feedback path- 
ways, and in vitro analyses based on isolated targets 
do not address this complexity. In addition. In vitro 
assays do not provide information about physicochemi- 
cal parameters that determine whether a compound has 
the ability to penetrate cellular membranes. In contrast, 
target-based cellular assays would identify only those 
compounds that enter cells. Here we report for the first 
time the use of a high-content, cell-based assay in the 
discovery of cell-active DSPase inhibitors. We analyzed 
the NCI Diversity Set, which is a computationally se- 
lected subset of the NCI compound repository (de- 
scribed in [11]), for phospho-Erk nuclear accumulation 
as an endpoint consistent with inhibition of either Cdc25 
or MKPs in intact cells. We found that compounds with 
Erk-activating activity were enriched for in vitro Cdc25 
inhibitors. We then examined the selectivity of newly 
identified agents against Cdc25-related phosphatases 
and identified one compound that inhibited MKP-3 but 
not the protein tyrosine phosphatase PTP1 B or the pro- 
totype DSPase VHR. Finally, we developed a novel mul- 
tiparametric, fluorescence-based assay that specifically 
measured MKP-3 activity in intact cells and used it to 
demonstrate inhibition of MKP-3 in whole cells. The re- 
sults demonstrate the utility of a target-bctsed cellular 
screen for phospho-Erk nuclear accumulation as a tool 
in the discovery of cell-active DSPase inhibitors. 

Results 

Erk Activation by Submicromolar Cdc25 Inhibitors 

Because we had previously shown that the Cdc25 inhibi- 
tor Compound 5 (NSC 6721 21 ) possessed Erk-activating 
activity [2], we asked whether Erk activation was a gen- 
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Figure 1 . A Targeted Library of Cdc25 Inhibitors Is Enriched for Erk Activators 

A focused library of 36 compounds with submicromolar activity against Cdc25B2 was analyzed for nuclear phospho-Erk accumulation on the 
ArrayScan II. 

(Aj Cytonuclear difference values from two individual multiwell plates (open and closed squares) were calculated for each compound. 
Compounds whose average cytonuclear difference values (crosses) were greater than 2-fold over vehicle control (solid line) were scored as 
positives. Seven compounds out of 36 (1 9.5%) were positives and are labeled with identifiers. 

(B) Background-corrected cytonuclear difference values from wells treated with compounds at 10 |jlM were plotted against their iCs, values 
for Cdc25B2 inhibition. Five of the most active Cdc25 inhibitors were found in the top 30*^ percentile of Erk accumulators (boxed). 



eral feature of compounds with Cdc25 inhibitory activity. 
Thirty-six agents, 22 of which were members of a pre- 
viously evaluated 10,070 compound set from the NCI 
repository [1 2] plus 1 4 synthetic analogs, which we pre- 
viously found were potent in vitro inhibitors of Cdc25 
(IC50 values < 1 |j,M) [11,1 2], were analyzed for nuclear 
phospho-Erk accumulation. NIH3T3 cells were treated 
In duplicate 96-well microplates for 20 min with com- 
pounds or vehicle, fixed, and stained with an antl-phos- 
pho-Erk antibody. Images were acquired on a Cellomics 
ArrayScan II, an automated batch image acquisition and 
analysis system, using the previously described nu- 
cleus-to-cytoplasm translocation algorithm [2]. Of the 
36 compounds analyzed, seven (1 9.5%) had cytonuclear 



difference values greater than 2-fold over background 
(Figure 1A). Figure IB shows that, while there was no 
direct correlation among the compounds' phospho-Erk 
accumulating ability and their inhibitory activity against 
Cdc25 in vitro, several of the most potent Erk activators 
were clustered in the top 30"' percentile of in vitro Cdc25 
inhibitory activity. We therefore hypothesized that phos- 
pho-Erk nuclear accumulation might be a surrogate end- 
point for Cdc25 inhibition. 

A High-Content Screen for Erk-Activating 
Compounds in Intact Mammalian Cells 
We then examined the members of the publicly available 
NCI Diversity Set, a computationally selected subset 
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Table 1 . Selection Statistics for Compounds that Caused Nuclear Accumulation of Phospho-Erk in Mammalian Cell-Based High-Content 

Screen 





Number of Compounds 

% of Initial Positive Compounds 


% of NCI Diversity Set 


Total number of compounds 




1990 (100%) 


Positive compounds for phosopho-Erk nuclear accumulation 




34 (1.7%)' 


Artifacts 




24 (1.2%) 


Rounding 


5(15%) 




Toxicity 


8 (24%) 




Analysis 


9 (26%) 




Autofluorescence 


2 (6%) 




Remaining positive compounds 


10(29%) 


10 (0.5%) 


Microscopically confirmed 


10(29%) 




Bona fide number of positive compounds 




10 (0.5%) 



' Based on the average cytonuclear difference values from two independent experiments. 



of the National Cancer Institute's compound repository 
[1 1 ], for their ability to increase nuclear accumulation of 
phosphorylated Erk in intact mammalian cells. Table 1 
shows the selection statistics for compounds causing 
phospho-Erk nuclear accumulation. The vast majority of 
compounds did not affect Erk phosphorylation. Agents 
that caused a greater than 2-fold increetse over the aver- 
age cytonuclear differences from all 1 990 compounds 
were scored as positives. Using these criteria, we identi- 
fied 34 compounds as positive, an initial "hit rate" of 
1 .75%. Visual examination of the archived immunofluo- 
rescence images confirmed elevated nuclear phospho- 
Erk levels for ten of the initial positive compounds (not 
shown). The remaining 24 compounds were classified 
as artifacts of various types (Table 1). Thus, the bona 
fide percentage of positive compounds in the intact 
mammalian cell screen was 10/1990, or 0.5%. 

An increase in cytonuclear difference values is indica- 
tive of Erk activation through phosphorylation, translo- 
cation, or both. We therefore examined the frequency 
distributions of cytonuclear and cytoring intensities in 
the entire cell population for each well to determine 
the relative contributions of cytoplasmic and nuclear 
fluorescence intensities to the cytonuclear difference 
values. Figure 2 shows that all compounds increased 
Erk phosphorylation in both the cytoplasm and in the 
nucleus. While most compounds caused a more pro- 
nounced increase in nuclear pErk, some of them showed 
similar increases in cytoplasmic and nuclear phospho- 
Erk intensities. Thus, the increases in phospho-Erk cyto- 



nuclear difference values caused by some compounds 
were not exclusively due to protein translocation, but 
resulted from an increase in overall phospho-Erk levels. 



In Vitro Phosphatase Inhibition Studies 
MKP-3, Cdc25A, and VHR have been reported to medi- 
ate Erk dephosphorylation. Therefore, we analyzed all 
positive compounds for in vitro inhibition of MKP-3, 
Cdc25A, VHR, and the tyrosine phosphatase PTP1 B. At 
the highest concentration tested (10 |a,M), three com- 
pounds (NSC 45382, NSC 295642, and NSC 357756) 
inhibited MKP-3 (PYST-1) by 50% or more, and three 
(NSC 310551, NSC 295642, and NSC 321206) inhibited 
the catalytic domain of Cdc25A (Table 2). None of the 
compounds showed significant inhibition of full-length 
Cdc25B, but two (NSC 295642 and NSC 321 206) were 
active against a truncated form of Cdc25B lacking the 
regulatory N terminus. All compounds were devoid of 
activity against the prototype DSPase, VHR, or the pro- 
tein tyrosine phosphatase, PTP1 B. The most active com- 
pound against MKP-3, NSC 357756, inhibited MKP-3 with 
an IC50 of 8.0 |a,M and appeared to be selective for MKP-3 
over all other phosphatases tested. Western blot analy- 
sis on whole-cell lysates from cells treated with com- 
pounds that had antiphosphatase activity confirmed the 
results from the immunofluorescence-based screen. 
Figure 3 shows that the five compounds that inhibited 
either MKP-3, Cdc25A, or both caused an increase in 
total cellular Erk phosphorylation that was comparable 
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Figure 2. Relative Changes in Cytoplasmic 
versus Nuclear pErk Levels in Cells Treated 
with Visually Confirmed Positive Compounds 
in the NCI Diversity Set 
Nuclear and cytoplasmic phospho-Erk inten- 
sities were retrieved from archived image 
analysis data for all ten positive compounds 
from the phospho-Erk nuclear accumulation 
screen. All positive compounds caused both 
an increase in cytoplasmic and in nuclear 
phospho-Erk intensity. Data are the average 
cytoplasmic (hatched) or nuclear (solid bars) 
intensities of 326 to 560 cells ± SEM and 
presented as the average fluorescence inten- 
sity increase over vehicle-treated control. 
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Table 2. In Vitro Phosphatase Inhibition by Erk Activators 



Percent Inhibition at 1 0 (jilM 



NSC 


MKP-3''' 


Cdc25B''' 


Cdc25A''= 


Cdc25B''= 


VHR" 


PTP1 B" 


112200 


inactive 


inactive 


47 ± 3 


inactive 


inactive 


inactive 


310551 


15 ± 3 


18 ± 2 


54 ± 43 


12 ± 3 


inactive 


inactive 


7215 


33 ± 6 


22 ± 4 


49 ± 4 


inactive 


inactive 


inactive 


45382 


53 ± 6 


28 ± 15 


36 ± 4 


inactive 


inactive 


inactive 


118176 


13 ± 3 


23 ± 8 


32 ± 4 


inactive 


inactive 


inactive 


295642 


50 ± 3 


21 ± 8 


74 ± 2 


61 ± 7 


inactive 


inactive 


294526 


inactive 


inactive 


35 ± 4 


inactive 


inactive 


inactive 


321206 


45 ± 4 


36 ± 6 


72 ± 6 


87 ± 3 


inactive 


inactive 


357756 


64 ± 4 


20 ± 7 


inactive 


19 ± 4 


inactive 


inactive 


359449 


inactive 


inactive 


21 ± 6 


inactive 


inactive 


inactive 



Inactive indicates less than 1 0% inhibition. 

"Full-length HiSe-tagged protein. 

"Minimum of three independent determinations ± SD. 

° Catalytic domain. 

" Full-length GST fusion protein. 



to or greater than that of the previously described Cdc25 
inhibitor, Compound 5 (NSC 672121). 

Structural Comparisons 

Figure 4 shows the structures of Erk-activating com- 
pounds. Two of the ten positive compounds were qui- 
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Figure 3. Westem Blot Analysis for Phosphorylated Erk in Com- 
pounds with Anti-MKP-3 or Cdc25A Activity 

(A) Cells were treated with 10 iJilVI of compounds or vehicle for 20 
min and lysed, and lysates were immunoblotted with anti-phospho- 
Erl< or anti-Erl< antibodies, respectively. 

(B) Phospho-Erk bands were scanned by densitometry and intensit- 
ies normalized to total Erk. Data are from a single experiment that 
has been repeated with similar results and are presented as fold 
increase over vehicle control. Lane 1 , DMSO (vehicle); lanes 2-7, 
Compound 5 (NSC 6721 21 ), NSC 350551 , NSC 45382, NSC 295642, 
NSC 321206, and NSC 357756, respectively. 



nones, one of them (NSC 45382) being closely related 
to NSC 663284, one of the two most potent in vitro Cdc25 
inhibitors described to date [11], thereby validating the 
quinone structure as a pharmacophore for Cdc25 Inhibi- 
tion. Four compounds were transition metal complexes, 
among them the two compounds (NSC 295642 and NSC 
321 206) that possessed the highest Cdc25A inhibitory 
activity. The most active MKP-3 inhibitor, NSC 357756, 
was structurally unrelated to any of the other com- 
pounds. 

NSC 357756 Inhibits MKP-3 in Whole Cells 
Because of the lack of confirmed MKP-3 inhibitors, we 
developed a multiparameter fluorescence-based cellu- 
lar assay based on our previously described "chemical 
complementation" strategy [2] to determine whether NSC 
357756 was able to inhibit MKP-3 in intact cells. HeLa 
cells were transfected with a c-myc-tagged version of 
MKP-3 and stimulated with 12-0-tetradecanoylphorbol 
13-acetate (TP A) to generate a strong phospho-Erk sig- 
nal that was distributed as uniformly as possible through- 
out the entire cell population. Cells were then stained 
simultaneously with antl-phospho-Erk and antl-c -myc 
antibodies, followed by Alexa 546- and Alexa 488-conju- 
gated secondary antibodies to visualize phospho-Erk 
and c-myc-MKP-3, respectively. Fluorescence Images 
acquired with TRITC and FITC compatible filter sets 
revealed that none of the MKP-3-expresslng cells re- 
sponded to TPA with increased Erk phosphorylation 
(Figure 5A). Expression of the phosphatase-lnactlve 
green fluorescent protein (GFP) did not affect the cells' 
responsiveness to TPA (data not shown). Inclusion of the 
broad-spectrum PTPase inhibitor, phenylarsine oxide 
(PAG, 50 |xM), completely restored responsiveness to 
TPA in IVIKP-3-expresslng cells (Figure 5B). PAD (1 0 |a,M) 
and NSC 357756 (10 |a,M) partially reversed the MKP-3- 
induced loss of phospho-Erk In the cells that stained 
positive for MKP-3 (Figures 5C and 5D). 

c-myc-MKP-3 (FITC) and pErk (TR'TC) levels were 
then quantitated in approximately 4000 individual cells 
by automated image analysis on the ArrayScan II. First, 
the number of MKP-3 expressors was determined for 
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Figure 4. Structures of Erk Activators from 
the Cell-Based Screen 



each condition by choosing appropriate intensity cutoff 
values from FITC (Alexa 488) intensity distribution histo- 
grams. Based on this method, we found transfection 
efficiencies of 6% to 23% for IVIKP-S and 53% for GFP. 
We then determined average nuclear phospho-Erk in- 
tensities in the two cell subpopulations. Figure 6 shows 
the differences in nuclear phospho-Erk intensities be- 
tween cell subpopulations that did or did not express 
MKP-3 or GFP. We found that in GFP-expressing cells, 
there was little difference in phospho-Erk levels after 
TPA stimulation whether cells expressed GFP or not 
(Figure 6). The small increase in phospho-Erk intensities 
in GFP-expressing cells, which manifested itself as a 
negative difference between the two cell populations, 
was due to spectral overlap between the two fluoro- 
phores. In contrast, cells transfected with MKP-3 and 
treated with TPA showed significantly lower levels of 
nuclear phospho-Erk specifically in the MKP-3 express- 
ing cells (Figure 6), consistent with the images shown 
in Figure 5A. The broad spectrum PTPase inhibitor, phe- 
nylarsine oxide (PAO), restored responsiveness to TPA 
in MKP-3-expressing cells as evidenced by a concentra- 
tion-dependent decrement in pErk differences between 
MKP-3 expressing and nonexpressing subpopulations, 
indicating that PAO inhibited MKP-3 in the cell. A con- 
centration of 50 |a,M PAO reduced pErk level differences 
to those seen in cells transfected with GFP. Inclusion 
of the putative MKP-3 inhibitor, NSC 357756, resulted 
in a partial rescue of TPA responsiveness that was com- 
parable in magnitude to that seen with 5 to 1 0 |xM PAO. 

NSC 357756 Has Antitumor Activity In Vivo 
In vivo antitumor data against a variety of tumors have 
been generated by the National Cancer Institute for 
many of the compounds in the NCI compound repository 
[1 4]. These results are publicly available on the Develop- 



mental Therapeutics Program website (http://dtp.nci. 
nih.gov/webdata.html). We therefore mined the NCI's 
web-accessible database for antitumor activity in mice 
using the compounds that were positive for phospho- 
Erk nuclear accumulation. Using an increeised survival 
time of 135% over untreated control (T/C > 135%) as 
an accepted standard for significant antitumor activity, 
we found that NSC 357756 had activity against P388 
leukemia (T/C = 139% at 25 mg/kg/dose, 6/6 animals 
surviving), LI 210 leukemia (T/C = 178% at 18 mg/kg/ 
dose, 6/6 animals surviving), and M5076 sarcoma (T/C = 
1 37% at 50 mg/kg/dose, 8/1 0 animals surviving). A sec- 
ond positive compound from the screen, namely NSC 
295642, had activity against P388 leukemia (T/C = 1 36% 
at 3.1 2 mg/kg/dose, 6/6 animals surviving). 

Discussion 

Advances in genomics research, combinatorial chemis- 
try, and laboratory automation have made it possible to 
interrogate large compound collections in a short period 
of time. High-throughput screening has therefore be- 
come a main component of contemporary drug discov- 
ery. The vast majority of these screens are based on in 
vitro assays, which have the advantage of being ultra- 
high-throughput but do not take into consideration other 
parameters, for example, physicochemical properties 
that determine drug-like behavior such as cell perme- 
ability. Furthermore, target-based screening assays 
may not be predictive of drug effect within the context 
of the whole cell [15]. Thus, attempts have been made 
to incorporate cell-based screens into the early stages 
of the drug discovery process to select for compounds 
with cellular activity. Examples include screening of 
yeast strains for DNA damaging agents [1 6], A-549 lung 
cancer cells for inhibitors of motor proteins by Westem 
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Figures. A Fluorescence-Based Chemical 
Complementation Assay 
HeLacells were transfected in 384-well plates 
with cDNAs encoding c-myc -tagged IVIKP-S 
as described in Experimental Procedures. 
Twenty-four hours after transfection, cells 
were treated for 15 min with TPA (500 ng/ml) 
in the absence or presence of phenylarsine 
oxide (PAG) or NSC 357756 and immuno- 
stained with anti-c-myc and anti-phospho- 
Erk antibodies. Nuclei were counterstained 
with Hoechst 33342. Right, nuclei and M KP-3; 
left, phospho-Erk. 

(A) TPA only, (B) 50 (iM PAO, (C) 1 0 (xM PAO, 
(D)10m.M NSC 357756. 



blot analysis of phospho-nucleolin [1 7], and a morpho- 
logical differentiation screen in C2C1 2 muscle cells for 

tubulin disrupting agents [18]. Most of these screens 
are single-parameter phenotypic assays in whole cell 
populations. 

High-content screening is a recently introduced analy- 
sis tool designed to yield information about the activity 
and spatial regulation of multiple targets in individual 
cells rather than in a cell population as a whole [1 9, 20]. 
Due to the novelty of this concept, a shortage of suitable 
assays, and the instrumentation necessary to perform 
them in a high-throughput format, however, little infor- 
mation exists in the literature about the outcomes of 
high-content drug discovery screens in intact mamma- 
lian cells. 



Here we have for the first time investigated the utility 
of a target-based cellular screen to identify compounds 
that caused nuclear accumulation of phosphorylated 
Erk. Based on the well-established role for MKPs in 
Erk deactivation [1] and on our previously published 
observation that ectopic expression of Cdc25A caused 
a decrease in Erk phosphorylation [2], we hypothesized 
that nuclear phospho-Erk accumulation would repre- 
sent a suitable intracellular target markerfor compounds 
with dual-specificity phosphatase activity. Using the 
previously described nuclear translocation assay on an 
Cellomics ArrayScan II solid-phase cytometer [2, 21], 
we obtained information about both Erk phosphorylation 
status and subcellular localization after short-term treat- 
ment of NIH3T3 cells with the NCI Diversity Set, a pre- 
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Figure 6. Quantitation of Nuclear Phospho-Erk Levels in IUKP-3 Ex- 
pressing and Nonexpressing Cell Subpopulations 
The identical 384-well plate described in the legend to Figure 5 
was scanned at excitation/emission wavelengths of 350/461 nm 
(Hoechst), 494/519 nm (Alexa 488), and 556/573 nm (Alexa 546) on 
the ArrayScan II using the general screening application. Approxi- 
mately 1000 individual cells from each well were simultaneously 
analyzed for phospho-Erk, c-myc-MKP-3, and GFP intensities. Cells 
were separated into MKP-3 (GFP) expressing and nonexpressing 
subpopulations by setting appropriate gates in the FITC (Alexa 488) 
channel, and average nuclear phospho-Erk intensities were calcu- 
lated for MKP-3 (GFP) expressors and nonexpressors. Bars repre- 
sent the average difference in nuclear phospho-Erk intensities be- 
tween nonexpressing and MKP-3 (GFP)-expressing subpopulations 
from quadruplicate wells. Data are from a single experiment that 
has been repeated with similar results. 

viously described compound library selected for mcixi- 
mal chemical diversity. This screen identified ten 
compounds as positives, a 0.5% "hit rate." 

In vitro phosphatase studies using recombinant pro- 
teins and the small molecule substrate OMFP revealed 
that, of the ten positive compounds identified from the 
screen, three (30%) inhibited MKP-3 by more than 50% 
at 1 0 |a,M. Three compounds had activity against Cdc25A 
catalytic domain. The most potent inhibitor of MKP-3, 
NSC 357756, had an IC50 of 8.0 ixM, making it the first 
low micromolar MKP-3 inhibitor reported to date. None 
of the positives inhibited VHR, which has also been 
reported to dephosphorylate Erk [22]. This was of inter- 
est because the active site in all DSPases and in 
PTPases has the same signature motif [23] and because 
VHR is a prototype DSPase that has substantial similar- 
ity to both Cdc25 [24] and MKP-3 [25]. These data sug- 
gest that it may be possible to generate selective inhibi- 
tors of these highly related enzymes. 

The investigation of whether NSC 357756 had the abil- 
ity to inhibit MKP-3 in whole cells necessitated the devel- 
opment of a novel assay system for cellular MKP-3 activ- 
ity. The phosphorylation status of proteins is directly 
controlled by kinase and phosphatase activities, but 
other factors, such as growth factors, cytokines, or cel- 
lular stress, also influence protein phosphorylation lev- 
els. In addition, many proteins are subject to activation 
and deactivation by multiple kinases and phosphatases. 
For example, Erk dephosphorylation has been described 
for a number of MAPK phosphatases and the serine/ 
threonine phosphatase, PP2/\. Thus, while protein phos- 



phorylation levels, even when measured on specific tar- 
get proteins, are a readout consistent with an alteration 
in either kinase or phosphatase activity, they do not 
yield information about target specificity. 

We therefore devised a fluorescence-based, multi- 
parametric variant of our previously described chemical 
complementation assay [2, 11] to confirm that NSC 
357756 inhibited MKP-3 in whole cells. This assay is 
based on the selective measurement of Erk phosphory- 
lation in MKP-3 expressing and nonexpressing cell 
subpopulations in the presence or absence of the com- 
pound of interest. Immunofluorescence images pre- 
sented by Brunet et al. [26] had indicated that MKP-3 
expressing CCL-39 cells did not respond to serum stim- 
ulation with enhanced Erk phosphorylation. Consistent 
with their data, we found that, in a transiently transfected 
and TPA-stimulated HeLa cell population, cells that ex- 
pressed MKP-3 appeared to have significantly lower 
pErk levels than those not expressing MKP-3. We then 
used automated batch image acquisition and analysis 
to simultaneously quantitate MKP-3 expression and nu- 
clear phospho-Erk levels in approximately 4000 individ- 
ual cells. Cells were gated into expressing or nonex- 
pressing cell subpopulations based on MKP-3 label 
intensity, and phospho-Erk intensities were averaged 
from both subpopulations. We found that there was a 
consistent, quantifiable, and significant difference in 
phospho-Erk levels in cells that did or did not express 
MKP-3. In contrast, cells expressing phosphatase-inac- 
tive GFP had phospho-Erk levels similar to or higher 
than cells not expressing GFP. The difference In nuclear 
phospho-Erk intensities between the two subpopula- 
tions was fully abrogated in the presence of 50 ^^M 
phenylarsine oxide, and partially abrogated in the pres- 
ence of 1 0 ixM and 20 ixM NSC 357756, indicating that 
NSC 357756 had the ability to inhibit MKP-3 in the cell. 
We are currently expanding the scope of this assay to 
investigate whether NSC 357756 inhibits other MKPs or 
the various Cdc25 isoforms. 

By choosing the NCI Diversity Set, we exploited sub- 
stantial information readily available from the NCI Devel- 
opmental Therapeutics Program about the in vivo antitu- 
mor activity of this library against various tumors. 
Antitumor data in a variety of mouse models have been 
archived for seven of the ten positives identified in the 
phospho-Erk accumulation screen. Of these seven com- 
pounds, two had significant activity against at least one 
tumor type. In contrast, among 1 4 submicromolar inhibi- 
tors of Cdc25, which were identified from a much larger 
subset of the NCI compound repository [12], none had 
activity in vivo. Although the sample size we are analyz- 
ing is small, the data are consistent with the notion that 
cell-based screens may be biased toward the identifica- 
tion of biologically active agents. It is also interesting to 
note that we did not identify the most active compound, 
NSC 357756, as an active compound from the in vitro 
screen in our previous studies [11, 12], because it was 
not a submicromolar in vitro inhibitor of Cdc25. Thus, 
the cell-based assay detected a compound that was 
active in whole cells, even though it was not one of the 
most potent inhibitors of Cdc25 or MKP-3. The data 
suggest that both approaches, namely in vitro high- 
throughput screening and target-based cellular assays. 
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should be used as complementary prioritization tools in 
the early drug discovery process. 

Significance 

High-throughput screening has become a main com- 
ponent of contemporary drug discovery. IVIany of the 
high-throughput screens used today are based on in 
vitro assays, which have the advantage of being ultra- 
high-throughput but do not take into consideration 
other parameters, for example, physicochemical prop- 
erties that determine drug-like behavior such as cell 
permeability. Furthermore, target-based screening 
assays may not be predictive of drug effect within the 
context of the whole cell. We therefore investigated 
the utility of a cell-based, high-content screening pro- 
cess, which generated information about the content 
and spatial regulation of multiple macromolecules in 
individual cells, to select for compounds with cellular 
activity. We chose as targets dual-specificity phospha- 
tases (DSPases), which have a critical role in the regu- 
lation of many signaling pathways including mitogen- 
activated protein kinase (MAPK) and cyclin-dependent 
kinase (Cdk) activation. Several DSPases have been 
shown to have oncogenic properties, but small mole- 
cule inhibitors of DSPases with cellular activity are 
lacking. We analyzed the NCI Diversity Set, a chemi- 
cally diverse compound library, for phospho-Erk nu- 
clear accumulation in intact mammalian cells, fol- 
lowed by in vitro analysis of antiphosphatase activity 
using recombinant enzymes. The assay enriched sub- 
stantially for in vitro phosphatase inhibitors. One com- 
pound, namely NSC 357756, inhibited the Erk-specific 
DSPase MKP-3 both in vitro and in a newly developed 
multiparameter fluorescence-based assay designed 
to specifically measure MKP-3 inhibition in intact cells. 
Furthermore, NSC 357756 had in vivo antitumor activ- 
ity in a variety of mouse models. The data suggest 
that a cellular assay for Erk phosphorylation, coupled 
with a chemical complementation strategy, may be a 
powerful tool in the discovery of lead structures for 
novel, cell-active DSPase inhibitors. 

Experimental Procedures 

Reagents 

Compound 5 (NSC 672121, (2-(2-mercaptoethanol)-3-methyl-1 ,4- 
naphthoquinone) has been described previously [27]. The NCI Diver- 
sity Set was provided by Daniel W. Zaharevitz (National Cancer 
Institute, Rockville, MD) and has been described elsewhere [11]. 
Mouse monoclonal anti-phospho-Erk (E10), rabbit polyclonal phos- 
pho-Erk, and rabbit polyclonal pan-Erk antibodies were from Cell 
Signaling Technology (Beverly, MA). Secondary antibodies were 
Alexa Fluor488-conjugated goat anti-mouse, Alexa Fluor 546-conju- 
gated goat anti-rabbit IgG (Molecular Probes, Eugene, OR), and 
HRP-conjugated goat anti-rabbit IgG and goat-anti mouse IgG 
(Jackson ImmunoResearch, West Grove, PA). cDNA encoding myc- 
tagged MKP-3 (PYST-1) in a pSG5 mammalian expression vector 
[28, 29] was a gift from Dr. Stephen Keyse (IRCF, Dundee, UK). 
The bacterial expression vector for HiSs-MKP-S was a gift from Dr. 
Zhong-Yin Zhang (Albert Einstein College of Medicine, Bronx, NY). 
The pEGFP-CI expression vector was from Clontech (Palo Alto, 

Cell Culture 

NIH 3T3 and HeLa cells were obtained from ATCC (Manassas, Vfil) 
and were maintained in Dulbecco's Minimum Essential Medium 



(DMEM) containing 10% fetal bovine serum (FBS, HyClone, Logan, 
UT) and 1% penicillin-streptomycin (Life Technologies, Inc., Rock- 
ville, MD) In a humidified atmosphere of 5% COz at 37°C. 

Cell-Based Screen 

NIH 3T3 cells (2000 cells per well) were plated in the wells of colla- 
gen-coated 95-well darkwell plates (Packard ViewPlate) and allowed 
to attach overnight. Cells were treated for 20 min with compounds, 
fixed with 3.7% formaldehyde In PBS, and permeablllzed with PBS/ 
Triton X-100. Cells were stained with Hoechst 33342 fluorescent 
dye to visualize nuclei. Phospho-Erk Immunoreactlve cells were 
visualized by staining with a phospho-specif Ic Erk antibody followed 
by an Alexa Fluor 488-conjugated secondary antibody (Molecular 
Probes, Eugene, OR) using an XF1 00 filter set at excitation/emission 
wavelengths of 494/51 9 nm (/Uexa 488) and 350/461 nm (Hoechst), 
respectively. Plates were analyzed by automated Image analysis 
on the ArrayScan II system (Cellomics, Pittsburgh, Pfi^ using the 
previously described cytoplasm-to-nuclear translocation algorithm 
[2, 21]. The algorithm is based on measurements of phospho-Erk 
fluorescence irrtensity within a nuclear mask defined by Hoechst 
33342 staining (referred to as "cytonuclear intensity") and within a 
cytoplasmic region defined by a set of concentric circles placed 
around the nuclear mask (referred to as "cytoring Intensity") [21]. 
Both cytonuclear and cytoring intensities were normalized to the 
total cytonuclear or cytoring area and expressed as average inten- 
sity per pixel. Cytoplasmlc-to-nuclear difference values were calcu- 
lated by subtracting the average cytoring Intensity per pixel from 
the average cytonuclear intensity per pixel. 

Compounds were analyzed as single data points on two separate 
plates. Each plate contained negative control wells that did not 
receive primary antibody, four wells treated with vehicle alone, and 
four wells treated with Compound 5 (NSC 672121, 10 iJiM) as a 
positive intemal control. 

Western Blotting 

NIH 3T3 cells were plated in 1 00 mm tissue culture dishes, exposed 
to compounds for 20 min, harvested by trypsinization, and lysed. 
Cell lysates were resolved on 4%-20% SDS-PAGE gels and trans- 
ferred to nitrocellulose membranes (Protran, Schleicher & Schuell, 
Keene, NH). Membranes were probed with anti-phospho-Eri( and 
anti-Erk antibodies. Positive antibody reactions were visualized us- 
ing peroxidase-conjugated secondary antibodies (Jackson Immu- 
noResearch, West Grove, PA) and an enhanced chemiluminescence 
detection system (Renaissance, NEN, Boston, MA) according to 
manufacturer's instructions. For quantitation of protein expression 
levels, X-ray films were scanned on a Molecular Dynamics personal 
SI densitometer and analyzed using the ImageOuant software pack- 
age (Ver. 4.1 , Molecular Dynamics, Sunnyvale, CA). 

In Vitro Phosphatase Assays 

Full-length MKP-3 and Cdc25B2 were expressed as Hise-tagged 
fusion proteins from a pET21a vector. The catalytic domain of 
Cdc25A (amino acids 336-523) was subcloned into a pET21 a vector 
as previously described [30]. Full-length VHR and PTP1 B were ex- 
pressed as GST fusion proteins from a pGEX2T vector as described 
[31]. GST and Hise-tagged fusion proteins were purified from E, coli 
using standard methodology. Phosphatase inhibition studies were 
performed using a fluorescence-based 96-well microtiter plate 
assay with O-methyl fluorescein diphosphate (OMFP) as previously 
described [11, 31]. 

Analysis of Phospho-Erk Levels in MKP-3 Expressing 
and Nonexpressing HeLa Cell Subpopulations 

HeLa cells (5000) were plated in the wells of a collagen-coated 384- 
well plate (Falcon Biocoat) and allowed to attach overnight. Cells 
were transfected with MKP-3 or EGFP cDNAs (100 ng/well) and 
Lipofectamine 2000 (Invitrogen, Carisbad, CA; 1 |j,l per 0.4 |j,g DNA) 
in OPTIMem reduced serum medium as per manufacturer's instruc- 
tions. Four hours after transfection, complexes were removed and 
fresh medium containing 1 0% FBS was added. Eighteen hours later, 
cells were treated in quadruplicate wells for 15 min with TPA or 
mixtures of TPA and phosphatase inhibitors, fixed, and immuno- 
stained with a mixture of anti-phospho-Erk (1 :200 dilution, Cell Sig- 
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naling Technology, Beverly, MA) and anti-c-myc (1:100 dilution, 
Santa Cruz Biotechnology, Santa Cruz, CAj antibodies as described 
above except that a 1 hr blocking step in PBS containing 10% 
goat serum and 1 % BSA was included before addition of primary 
antibodies. Positive phospho-Erk and c-myc-MKP-3 signals were 
visualized with Alexa-546 (phospho-Erk) and Alexa-488 (c-myc)- 
conjugated secondary antibodies, respectively. Control conditions 
omitting Alexa-546 secondary antibody were included on each plate 
to assess nonspecific phospho-Erk background staining. All stain- 
ing steps were carried out on a Biomek 2000 laboratory automation 
workstation (Beckman-Coulter, Inc., Fullerton, CA). 

Plates were analyzed by three-channel multiparametric analysis 
for phospho-Erk and c-myc-MKP-3 intensities in an area defined 
by nuclear staining using the general screening application on the 
ArrayScan II (Cellomics, Pittsburgh, PA). Images were acquired in 
three independent channels using an Omega XF57 filter set at excita- 
tion/emission wavelengths of 350/461 nm (Hoechst), 494/519 nm 
(Alexa 488), and 556/573 nm (Aiexa 546). Approximately 4000 indi- 
vidual cells were analyzed for phospho-Erk and c-myc-MKP-3 or 
GFP intensities. For each condition, the percentage of MKP-3(GFP)- 
expressing cells was determined from FITC (Alexa-488) intensity 
distribution histograms, setting appropriate gates for MKP-3 (GFP)- 
positive and MKP-3 (GFP)-negative cells. Phospho-Erk levels were 
then averaged in MKP-3 expressing and nonexpressing subpopula- 
tions. Large positive differences in phospho-Erk intensities between 
the two subpopulations indicated lower levels of phospho-Erk in 
MKP-3-expressing cells compared with nonexpressing cells. Low 
differences indicated similar levels of phospho-Eri( in both cell sub- 
populations. Negative differences were a result of spectral overiap 
between the two fluorophores, resulting in an elevated background 
signal in the red channel caused by green fluorescence emission. 
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